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Abstract

A significant increase in biomedical applications of nanomaterials and their potential toxicity 

demand versatile analytical techniques to determine protein – nanoparticle (NP) interactions. 

These diverse analytical techniques are reviewed. Spectroscopic methods play a significant role in 

studying binding affinity, binding ratio, and binding mechanisms. To elucidate NP-proteome 

interactions, chromatography and electrophoresis techniques are applied to separate NP-bound 

proteins and Matrix assisted laser desorption ionization time-of-flight mass spectrometry 

(MALDI-TOF-MS) to identify these proteins. Since NP-protein binding is a dynamic event, 

Surface Plasmon Resonance (SPR) and Quartz Crystal Microbalance (QCM) are methods of 

choice to study kinetics of NP-protein binding.

1. Introduction

Due to the unique properties at the nanoscale, nanoparticles (NPs) are being developed as 

drug carriers1, 2, imaging agents for cancer3–5, as well as analytical probes6, 7. With more 

and more applications of nanotechnology and the release of nanomaterials into environment, 

there are also increasing societal concerns about nanosafety8, 9. For a large part, both 

positive and negative sides of nanoparticles are related to their dramatic biological 

membrane permeability and their strong interactions with biomacromolecules, such as 

proteins. Investigations on protein/nanoparticle interactions play a key role in both 

determination of NP’s biocompatibility for various biomedical applications and for 

nanosafety evaluation. For example, when NPs enter a human blood or cells, they strongly 

interact with proteins that may transmit biological signals due to altered protein 

conformation and the exposure of novel epitopes10. The perturbed signaling transduction in 

cells may have adverse effects on cellular function and cause toxicity in vitro and in vivo.

Therefore, analytical methods and strategies are essential to investigate NP-protein 

interactions in order to understand mechanistic basis for NP’s biological activity and to 

make the safe use of nanotechnology. Herein, we summarize recent progresses on the 
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development of analytical strategies to investigate NP-protein interactions. We focus on the 

functional role of each method and its advantages and limitations (Table 1).

NP-protein interactions can be classified into two categories: interaction with single proteins 

or with proteome. For the former, the bound protein is known. Studies mainly focus on the 

determinations of binding affinity, the binding ratio, binding-induced protein conformational 

changes, and mechanism of interactions. For the latter, proteome contains hundreds of 

proteins. These studies aim at separating and identifying NP-bound proteins. Furthermore, 

studies of NP-protein binding kinetics require special approaches and are discussed 

separately. In the following sections, various analytical methods and strategies are briefly 

reviewed and representative methods are discussed in more detail.

2. NP-single protein interactions

2.1 Monitoring binding affinity and binding ratio

The fundamental characterization of NP-protein complex is to determine its binding affinity 

and binding ratio. Binding of proteins onto NPs are accompanied by electron or energy 

transfer, spectroscopic change, size or shape alterations, or other changes on both parties. 

Therefore, NP-protein binding can be analyzed by monitoring these alterations.

2.1.1 UV-vis spectroscopy—Protein binding to NPs results in changes in absorption 

spectra of NPs, and these changes can be used to evaluate the binding11–23. The shift and 

broadening of the absorption spectra of NP-protein complex depend on NPs size, 

aggregation, and local dielectric environments13, 16. For example13, it was shown that the 

red shift and widening of the peak in the absorption spectra of azurin (Az) – gold NP (GNP) 

solution depended on Az concentration (Fig. 1).

However, for some NPs, such as carbon nanotubes, the shift and broadening of the plasmon 

band of the complex are not regular12, 14, 18, 23. A study of single-walled carbon nanotubes 

(SWCNT) - BSA binding showed that the absorption spectrum of the complex was identical 

to the overlap of spectra of SWCNT and BSA 14. So Lambert-Beer’s law can be used to 

calculate the concentration of one constituent using the equation (1), when another 

constituent’s concentration is known.

(1)

Where A is the absorbance; C is the concentration; ε is the extinction coefficient and l is the 

length traveled by light through the specimen; λ is the wavelength.

Calculated spectra (continuous curves) were compared with measured spectra (diamonds) 

from single constituent samples and mixed SWCNT-BSA sample (Fig. 2). Results showed 

that the calculated spectra fit well with the measured spectra.

As shown above, the UV-vis spectroscopy can be used to analyze NP-protein bindings. 

Comparing with other methods, UV-vis is faster, more flexible and less complicated. But 

absorption spectra may show different characters for different NPs. Therefore, it is 
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necessary to select another analytic method if using UV-vis alone does not give conclusive 

results.

2.1.2 Fluorescence spectroscopy—Proteins are polymeric complex of amino acids 

and contain fluorophores, such as Tyrosine, Tryptophan and Phenylalanine. Fluorescence 

spectroscopy is sensitive to protein dynamics because the excited fluorescent state persists 

for nanoseconds, which is exactly the time scale of many important biological processes 

such as the rotational motion of protein side chains, molecular binding, and protein 

conformational changes16, 20, 24–27, 29–37. When NPs are intrinsically luminescent or labeled 

with fluorescence probes36, fluorescence emission can also be detected from NPs. NP-

protein binding can be monitored by steady-state or time-resolved fluorescence 

spectroscopy16, 20, 25, 29–34, 37, fluorescence resonance energy transfer (FRET)35, 83, 84 or 

stepwise single-molecule photobleaching85.

Steady-state and time-resolved fluorescence spectroscopy: NP-protein interaction alters 

the local chemical environment of fluorophores and quenches the fluorescence of proteins. 

Therefore, the decrease of fluorescence intensity and shift of emission peak maximum 

indicate interactions between NPs and proteins. If the fluorescence quenching is induced by 

collision effect, the lifetime of fluorophore will also decrease16, 20, 25, 29–34, 37. The 

relationship of fluorescence intensity or lifetime with quencher concentration follows the 

Stern-Volmer equation (2):

(2)

where F0, F, τ0 and τ represent initial or modified fluorescence intensity or lifetime, 

respectively. Ksv is the Stern-Volmer constant and [Q] is the quencher 

concentration16, 20, 31, 35, 37. In the experiments of proteins - functionalized multiwalled 

carbon nanotubes (f-MWCNTs) interactions31, the equation was used to show that the 

binding affinity is dependent on nanotube diameter, surface chemistry and protein type (Fig. 

3). The consistent fluorescence lifetime of proteins after binding to f-MWCNTs suggested 

that the quenching was static and a complex was formed. According to changes of the 

protein fluorescence intensity, it was indicated that the f-MWCNTs with a 40 nm diameter 

exhibited stronger protein binding than those with a smaller diameter (10 nm), and the 

MWCNT with carboxyl modification showed stronger protein binding than other f-

MWCNTs.

Besides binding affinity, fluorescence spectroscopy can also be used to measure the number 

of binding sites, binding constant and the degree of cooperativity of particle-protein binding 

(Hill constant)16, 28, 30, 32, 34. It will be detailed later when NP-protein binding mechanism is 

discussed in section 2.3.2.

Fluorescence resonance energy transfer (FRET): FRET, also known as Förster resonance 

energy transfer, occurs when a donor fluorophore in NP-protein complex transfers energy in 

its electronic excited state to an acceptor fluorophore35, 83, 84. There are three requirements 

for FRET to occur: first, both parties are fluorescent; second, one can be excited at the 

binding partner’s emission region; third, the donor- acceptor distance is in 1- 10 nm range86.
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FRET can be used to study luminescent NPs (e.g. quantum dots or lanthanide- ion-doped 

oxide NPs) - protein interactions because these particles have high quantum yield, broad 

excitation spectrum and narrow/symmetric emission spectrum87. CdSe/ZnS quantum dots - 

metalloprotein azurin interactions were studied through FRET. It was observed that the 

photoluminescence (PL) intensity increased when the protein-NP ratio increased83.

However, because of special FRET requirements, it is not suitable for most nanomaterials 

and its application for analyzing NP-protein binding is limited.

Stepwise photobleaching: Stepwise photobleaching is an advanced approach to determine 

biomacromolecule interactions, such as membrane protein stoichiometry88. In this approach, 

NPs should be intrinsically fluorescent. It is also suitable for QDs or lanthanide-ion-doped 

oxide NPs. The protein-NP ratio can be quantified by counting the steps of NP’s 

photobleaching. A distribution of photobleaching steps is quantified and the average number 

of proteins per NP can be obtained.

For instance, the stepwise photobleaching of Alexa488 labeled protein attached to individual 

NPs (lanthanide-ion doped oxide NPs) was used to quantify the NP - protein (α-

bungarotoxin) ratio for each NP as well as its distribution85. As shown in Fig. 4B, the 

fluorescence evolution of Alexa bright spots correspond to protein-Alexa molecules attached 

to single NPs. Then the number of proteins per NP was measured by simply counting the 

number of bleaching steps (Fig. 4C).

Stepwise photobleaching can also be used to determine the protein-NP stoichiometry at the 

single particle level, which is a unique function compared with other approaches. However, 

a limitation of stepwise photobleaching is that both parties need to be fluorescent.

2.1.3 Dynamic light scattering (DLS)—DLS determines small changes in the 

hydrodynamic size of particles and is used to detect size distribution of NPs. When proteins 

bind to NPs surface, the size of NPs increases and this increase will stop when the binding is 

saturated. Therefore it can be used to monitor the binding ratio13, 22, 35, 38–41. For example, 

the molar ratio of cytochrome P450 - QD (CdSe and CdS) was determined to be 5–6 by 

using DLS40. No significant changes in the scattering intensity was observed above the 

molar ratio of 5–6 indicating that there is no further adsorption of proteins on QDs.

Nonetheless, the hydrodynamic diameters are also influenced by the formation of hydration 

shells, the shape of the particles, and the counterion binding40. So interferences of multiple 

factors must be considered when interpreting DLS data.

2.2 Monitoring conformational changes of NP-bound proteins

The interaction of a protein with NP may induce protein conformational changes. The 

conformation changes in proteins may expose unknown epitopes and subsequently activate 

undesired signaling pathways. Therefore, it is crucial to monitor protein conformation when 

NPs interact with proteins. In addition, monitoring conformational changes may also play an 

important role in the studies of NPs-mediated refolding of denatured proteins89. Analytical 

Li et al. Page 4

Analyst. Author manuscript; available in PMC 2016 March 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



methods usually used are circular dichroism (CD), Fourier transform infrared (FTIR) 

spectroscopy, Raman spectroscopy and fluorescence anisotropy (FA).

2.2.1 Circular dichroism (CD)—Different protein secondary structures (α-helix, β-sheet, 

etc.) have their own characteristic CD spectrum in the UV region. This method has been 

widely used for monitoring conformational changes induced by protein-NP 

interactions11, 15, 17, 18, 25, 27, 31, 34, 35, 45–54. NPs are usually not chiral in nature and thus 

don’t affect protein CD spectra.

CD spectra of BSA in the absence or presence of various Magnetic nanoparticles (MNPs) 

are shown in Fig. 5. The protein secondary structures in the absence or presence of MNPs 

were in the same range as normal BSA protein indicating that conformation of BSA was not 

changed upon binding to MNPs. As a result, few protein epitope was exposed in MNP-

bound proteins46.

CD is used widely to assess the conformational changes of proteins. However, it does not 

give residue-specific information. Another concern is that the highly absorption energy at 

far-UV region (<200 nm) may increase noise and reduce the accuracy. Thus the calculation 

of secondary structure percentage is usually based on the data acquired at higher wavelength 

(> 200 nm)90, 91.

2.2.2 Fourier Transform Infrared Spectroscopy (FTIR) and Raman 
Spectroscopy—FTIR and Raman spectroscopy have been used to monitor structures of 

NP-bound proteins. For FTIR15, 35, 55–57, the protein secondary structures are estimated 

based on the absorption of amide bonds. Among amide I, II and III bands, the amide I 

vibrational band (1700–1600 cm−1) is most sensitive and frequently used to determine 

protein conformation. For example, FTIR spectroscopy was used to probe the structure of 

the Leu-rich peptide Ac10L (Fig. 6A) absorbed on different gold nanoparticles (GNPs). As 

shown in Fig. 6B, the size of GNPs (the degree of surface curvature of GNPs) has a 

profound effect on the secondary structure of the peptide56.

The Raman spectrum of proteins consists of the bands associated with peptide main chain, 

aromatic side chains and sulfur-containing side chains48, 92. For instance, the interaction 

between human hemoglobin (Hb) and bare CdS quantum dots (QDs) was investigated by 

Raman spectroscopic. As shown in Fig. 7, the spin state of the heme iron of Hb did not 

change by binding to the surface of CdS QDs, but the binding of QDs induced the 

orientational change of heme vinyl groups, from in-plane or close to in-plane to out-of-

plane48.

Despite Raman scattering spectrum provides the same type of information as FTIR, the two 

methods differ fundamentally in mechanism. Therefore they have selection rules and 

specific advantages and disadvantages for biological applications respectively. FTIR is 

simpler than Raman on both instrumentation and data collection. Additionally, FITR 

intensity can be quantified by Beer’s Law. However, there are two main advantages of 

Raman over FTIR for studying NP-protein interactions. One is its ability to measure protein-

NP complex in aqueous solutions and the other is the greater spectral simplicity in Raman 
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spectra than IR because the localized vibrations of double or triple bond or electron-rich 

groups generally produce more intense Raman bands than do vibrations of single bond or 

electron-poor groups92.

These spectroscopic methods are not only used to detect conformational changes, they also 

confirm the protein attachment onto NPs through the appearance of additional characteristic 

bands.

2.2.3 Fluorescence anisotropy (FA)—The formation NP-protein complex influences 

the rotational freedom of the tryptophan residues, which is reflected by changes in 

fluorescence anisotropy26, 27, 86. Changes in tryptophan anisotropy can be caused either by a 

decrease of tumbling due to formation of higher mass complexes93 or enhanced rotational 

freedom due to protein denaturation and exposure of the tryptophan residues to 

solution94–96. Therefore, the tryptophan fluorescence can be monitored to analyze the 

change in global protein conformation. Fluorescence anisotropy (rs) is defined as (3)86:

(3)

where IVV is the intensity of light observed using two vertical polarizeres, IVH is the signal 

observed when the excitation path is through a vertical polarizer and emission detected with 

a horizontal polarizer, and G is a correction factor determined as the ratio of the vertical and 

horizontal components of light due to horizontal polarization of the light source.

For instance, surfactant addition produced a certain degree of α-chymotrypsin (ChT) 

renaturation after incubation with GNPs. The addition of surfactants 1–3 (Table 2) results in 

a significant shift in the anisotropy toward native values demonstrating renaturation26.

It is noted that FA allows the detection of interacting macromolecules in a homogenous 

solution and avoids protein separation. Since FA monitors molecular rotations of 

macromolecules, it’s better suited for spherical NPs.

CD, FTIR, Raman and FA provide information on protein secondary structure and the global 

information of NPs bound proteins. Besides these methods, nuclear magnetic resonance 

(NMR) should be able to provide data from all coupled H and N atoms in a protein17, 59. X-

ray crystallography is also a preferred method to evaluate protein 3-D structure and protein-

NP binding58. Investigations of NP-protein interactions using these two powerful structural 

biological methods started to appear, but are still to be further explored.

2.3 Mechanism of NP-protein interaction

Although there are no direct and efficient analytical methods to determine the mechanism of 

NP-protein interactions, methods are available to get mechanism- related information such 

as binding site, interaction force, and binding constant. These methods include isothermal 

titration calorimetry (ITC), fluorescence spectroscopy, X-ray crystallography58, and again 

FRET35.
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2.3.1 Isothermal titration calorimetry (ITC)—ITC can be used to directly measure the 

binding affinity constant (Ka), enthalpy changes (ΔH), and binding stoichiometry (n) 

between NPs and proteins in solution35, 82, 97–99. Based on measurement of small changes of 

temperature, Gibbs energy changes (ΔG) and entropy changes (ΔS) can be calculated using 

the relationship (4):

(4)

Where R is the gas constant and T is the absolute temperature. To quantify protein binding 

as a function of NP’s characteristics, proteins are usually titrated into NP solution and heat 

response is recorded. The heat changes are then fitted to the isothermal function and 

thermodynamic parameters obtained. In a study of QD - human serum albumin (HSA) 

interaction, thermodynamic parameters of the system were calculated at different 

temperatures. Results indicated that the electrostatic interactions played a major role in the 

binding reaction because negative enthalpy (ΔH) and positive entropy (ΔS) values were 

obtained 35.

In another example, the complexation of GNPs with CytC (cytochrome c) featured two 

distinct binding processes with different affinity through analyzing the binding affinity (Ka) 

and binding stoichiometry (n)97. These examples illustrate that thermodynamic parameters, 

binding constant and stoichiometry measured by ITC can be used to elucidate the 

mechanism.

2.3.2 Fluorescence spectroscopy—Fluorescence spectroscopy has been used to 

analyze binding affinity and binding ratio of NP-protein complex as discussed in section 

2.1.2. Furtuermore, the number of binding sites (n) and binding constant (Ka) can be 

calculated using the following equation (5) 30, 34:

(5)

where F is fluorescence intensity, F0 and F∞ are the relative fluorescence intensities of the 

protein alone and the protein saturated with the NPs, respectively. Kdiss is the dissociation 

constant, equaling with the binding constant (Ka).

In a recent study, the degree of cooperativity of GNP-protein binding (Hill constant) was 

calculated by measuring fluorescence quenching28. The Hill constant n is a frequently used 

parameter to describe binding cooperativity. For HSA, fibrinogen, histone, and globulin 

proteins, anticooperative binding (n<1) was observed, indicating that within the frame of the 

Hill model the association energy per particle progressively decreases with further protein 

adsorption. Whereas, for insulin, n>1 was observed, indicating cooperative binding. To 

calculate Hill constant, equation (6) and equation (7) were used: 100

(6)
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(7)

where I0 and I are fluorescence intensities in the absence and presence of gold NPs, 

respectively; Qmax is the saturation value of Q, n the Hill constant, kD the protein-NP 

equilibrium constant, equaling with the reciprocal of binding constant (Ka).

After all, the elucidation NP-protein interaction mechanism is difficult and there is not 

enough investigation so far. Therefore, it is important and necessary to carry out further 

research in this area and develop more appropriate analytical methods.

3. NP-proteome interactions

3.1 Isolation and separation of NP-bound proteins

Proteomes, such as plasma proteins or cellular proteins, contain hundreds of proteins. 

Binding of NPs with plasma proteins or cellular proteins may influence biological activities 

of many proteins. Therefore, for NP-proteome interaction research, the most challenging 

issue is to accurately quantify and identify proteins attached to NPs. Separation of proteins is 

a prerequisite to analyzing identity of numerous proteins. The mostly applied approaches for 

protein separation are chromatography and electrophoresis.

3.1.1. High Performance Liquid Chromatography (HPLC)

Size Exclusion Chromatography (SEC): SEC, also known as gel filtration 

chromatography, separates particles or protein-NP complexes on the basis of size. Silica-

based columns with large pore volume have been used17, 24, 27, 60. Separations of carbon 

fullerene (CF) - proteins24, silica NPs - proteins17, 27 and polymer - proteins complexes60 

using SEC have been reported. Besides separating bound proteins, SEC is also able to detect 

preferential binding and exchange rate during NP-protein interactions. Such properties can 

be analyzed based on elution profile of proteins10.

Reverse Phase Chromatography (RPC): Proteins can be separated based on different 

retention times on RPC column. Since NPs are too large to enter the columns, RPC is used 

for separating protein rather than NP-protein complex11, 38. In a study of copper NP - 

hemolysate interaction38, aggregates were removed and supernatants were injected into 

column to analyze free protein and to compare the soluble fractions of hemolysate before 

and after the addition of copper NPs. Experiments found that HbA0 (the major component 

of human Hb) was precipitated specifically by copper NPs.

Ion Exchange Chromatography (IEC): IEC separates proteins and NP-protein complexes 

according to their net charges. By adjusting pH or ionic concentration of the mobile phase, 

various protein molecules and NP-protein complexes can be separated. IEC includes cation 

exchange chromatography and anion exchange chromatography: the former retains cations 

(positively charged proteins or NP-protein complexes) using a column of negatively charged 

beads; the later retains anions using positively charged beads. For example, IEC was used to 

separate gold nanoparticles (GNPs) with various peptide capping61. The GNPs were first 

bound to the column at low ionic strength and then eluted by increasing the ionic strength.
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3.1.2. Electrophoresis—Electrophoresis is the most widely used method for separation 

and analysis of complex protein mixtures. Among different electrophoresis techniques, 

capillary electrophoresis and gel electrophoreses are two methods commonly used for 

analyzing NP-proteins complexes.

Capillary electrophoresis (CE): CE is able to separate proteins based on their charges and 

frictional forces62, 63. Separation by CE can be detected using UV or fluorescence detector. 

CE was used to study the adsorption of the major plasma protein, albumin, onto Poly-

(methoxypolyethyleneglycol cyanoacrylate-co- hexadecylcyanoacrylate) (PEG-PHDCA) 

NPs. CE allowed the direct quantification of adsorbed proteins without the requirement for 

desorption procedure62. However, one drawback for CE is that proteins are easily adsorbed 

onto inner surface of capillary and the detection sensitivity is not high.

One-dimensional gel electrophoresis (1-DE): 1-DE can be used to separate proteins and 

nucleic acids. To separate proteins, the gel is usually composed of acrylamide and across-

linker to produce mesh networks of polyacrylamide. Sodium dodecyl sulfate polyacrylamide 

gel electrophoresis (SDS-PAGE) separates proteins according to their molecular weight and 

is widely used 29, 57, 60, 64–68. For example, six different polystyrene NPs were incubated 

with human plasma proteins and bound different proteins suggesting the importance of 

surface property and size of NPs (Fig. 9)65.

In simple systems such as NP interacting with a single protein, 1-DE can be used to purify 

NP-protein complexes. It is also used to evaluate NP-protein binding ratio11, 38, 53.

Two-dimensional gel electrophoresis (2-DE): 2-DE has been used to separate proteins 

based on both molecular weight and isoelectric point (pI) in two dimensions62, 63, 69–71. This 

method is more suitable to separate complicated protein mixtures. Because it is unlikely that 

two molecules are similar in two distinct properties, molecules are more effectively 

separated in 2-DE than in 1-DE. Plasma and serum proteins bound to poly(D,L-lactic acid) 

(PLA) NPs were analyzed by 2-D PAGE (Fig. 10)69.

Protein bands on a scanned image of 1-DE gel or protein spots on a scanned image of 2-DE 

gel could be determined to quantify individual proteins. Because of more effective 

separation, 2-DE is more suitable for quantitative analysis. Software packages which match 

protein spots include Delta2D, ImageMaster, Melanie, PDQuest, Progenesis and REDFIN. 

However, the quantitative method is not accurate for poorly separated spots101.

3.2 Identification of NP-bound proteins

3.2.1 Matrix assisted laser desorption ionization time-of-flight mass 
spectrometry (MALDI-TOF-MS)—MALDI-TOF-MS is a major method for identifying 

proteins bound to NPs. Protein spots are excised and digested with a specific protease and 

the fragments analyzed by MALDI-TOF-MS. The peptide mass fingerprints can then be 

used to search databases to identify proteins.

There are two ways to identify NP-bound proteins. First, proteins are released from NP 

surface and separated by 1-DE or 2-DE. In this way, the NP-bound proteins must be first 
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released from NP surface using surfactants24, 46, 60, 63–65, 72. The second method is in situ 

digestion of purified NP-protein complex followed by LC/MS/MS separation and analysis73. 

The second method is usually used for highly hydrophobic NPs such as carbon nanotubes 

because denatured proteins may not be thoroughly released from nanotubes’ surface. Both 

approaches provide high resolution profile of NP-bound proteins.

3.2.2 N-terminal microsequencing—N-terminal microsequencing is a method of 

sequencing amino acids in a protein and can be used to identify NP- bound proteins. Spots 

on 2-DE can be used for protein sequencing using an automatic gas phase sequencer74–79. A 

successful sequence of a peptide of 10–30 N-terminal amino acids residues can determine 

the identity of the protein through database search79.

The major drawback of the technique is that it will not work if the N-terminal amino acid is 

chemically modified or if it is concealed within the interior of a protein. Moreover, since the 

method requires high protein purity for identification efficiency, it is used in conjunction 

with 2-DE.

However, neither MALDI-TOF-MS nor N-terminal microsequencing is a good method of 

quantitative analysis. Western blots or immunoblotting can be used to analyze protein of 

interest for quantitative analysis63, 67, 68, 74.

4. NP-protein binding kinetics

Interaction of NPs with proteins is a dynamic event involving constant association and 

dissociation processes. Binding preference and binding strength are reflected by their 

association (Ka) and dissociation constants (Kd). High binding strength means that proteins 

will bind NPs irreversibly. The rate of protein binding can only be determined by kinetics 

measurements. Through monitoring NP-protein binding kinetics, we can obtain kinetic 

constants and analyze the competitive interactions. Techniques for kinetics analysis are 

surface plasmon resonance (SPR) and quartz crystal microbalance (QCM). They are real-

time, label-free methods that are both quantitative and sensitive.

4.1. Surface Plasmon Resonance (SPR)

SPR technology is based on the change of oscillation of surface plasmon wave that caused 

by adsorption of molecules onto metal surface. SPR was used to study kinetics of NP-

protein binding10, 21, 82. NPs are anchored on gold surface of the sensor chip and proteins 

are injected to flow over the NP modified surface. For instance, human plasma proteins were 

injected into flow chamber, and allowed to bind to and release for N-isopropylacrylamide: 

N-tert-butylacrylamide copolymer NPs (NIPAM/BAM) (Fig. 11)10. The binding kinetics 

between plasma proteins with NPs was fitted to a two-component system by equation (8) 

and equation (9):

(8)

(9)
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where Rt represents the change of refractive index as a function of time and is proportional 

to the amount of proteins bound onto NPs. Equation (9) refers to the washing process where 

protein-free buffer is flown over the surface directly after the association phase.

4.2 Quartz Crystal Microbalance (QCM)

QCM is a sensing technology on the basis of piezoelectric effect. It measures the resonant 

frequency shift that can be correlated with mass changes at the oscillating quartz 

surface80, 81. Either proteins or NPs are reported to be immobilized onto gold surface on 

quartz crystal. The binding partner (NP or protein) is then injected into the flow-chamber 

and flowed over the quartz surface. The frequency is monitored in real time. The 

relationship between the mass loading and the frequency change in solution follows the 

modified Sauerbrey equation (10):

(10)

where Δf is the change in frequency, Δm is the change in mass, Cf is sensitivity factor, Δρ is 

the change in density, Δη is the change in viscosity, and f0 is the frequency of unperturbed 

crystal. For example, QCM was used to detect glutathione-protected gold nanoclusters80. 

The real-time and quantitative NP-protein binding profile was obtained and the association 

and dissociation constants were determined by fitting to Langmuir adsorption isotherm (11):

(11)

where Δm is the change in mass, Δmmax is the maximum mass loading, C is concentration of 

NPs, and Ka is association constant. Kinetic parameters were also calculated from the time-

dependent binding curves through fitting to equation (12) and equation (13):

(12)

(13)

where mt and mi are masses at time (t) and infinite time, τ−1 is the time constant at the dose 

C, Kf and Kr are forward rate and reverse rate constants, respectively. Advantages of QCM 

over SPR are the ease of the setup and operation in addition to low cost. QCM also allows 

for multilayer adsorptions (QCM showed no reduction of sensitivity at even 400 nm 

thickness, whereas SRP showed significant peak broadening at 200 nm thickness). However, 

the instrumentation and software of SPR are more advanced.

5. Conclusion

NP-protein binding is associated with many biomedical applications and the potential 

toxicity effects of NP. Many aspects of NP-protein interactions have been investigated by 

using diverse analytical techniques reviewed in this article. Spectroscopic methods play a 

significant role in studying binding affinity, binding ratio, and mechanisms of NP-protein 

interactions. To elucidate NP-proteome interactions, chromatography and electrophoresis 

techniques are often used to separate NP-bound proteins and MALDI-TOF-MS to identify 
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these proteins. Since NP-protein binding is a dynamic event, SPR and QCM are methods of 

choice to study kinetics of NP-protein binding. With these analytical strategies and methods, 

our understanding of NP-protein interactions will be significantly advanced in near future 

and the safe use of nanotechnology will not be too far ahead.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Normalized absorption spectra of Az-AuNP solutions at [AuNP]=1.02 nM and various Az 

concentrations: 0 µM (continuous black line), 0.7 µM (dotted black line), 2.8 µM (dashed 

black line), 11 µM (continuous gray line). Inset: Zoom of the wavelength region of plasmon 

resonance band peaks. Reprinted from Biophysical Chemistry, 2009, 139, 1–7, I. Delfino 

and S. Cannistraro, Optical investigation of the electron transfer protein azurin-gold 

nanoparticle system, Copyright (2009), with permission from Elsevier.
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Fig. 2. 
Calculated and measured spectra. Calculated (continuous curves) and measured spectra 

(diamonds) of BSA (green) and SWNT (blue) alone, and BSA SWNT (red). The BSA and 

SWNT concentrations in both measured (diamonds) and calculated spectra are 0.08 and 

0.0219 mg/mL, respectively. Reprinted with permission from E. Edri and O. Regev, pH 

effects on BSA-dispersed carbon nanotubes studied by spectroscopy-enhanced composition 

evaluation techniques. Analytical Chemistry, 2008, 80, 4049–4054. Copyright 2008, 

American Chemical Society.
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Fig. 3. 
Fluorescence spectra of BSA and CA before and after f-MWCNTs 1–4 titration. A. Final 

concentrations of f-MWCNT in protein solutions from top to bottom is 0, 1.1, 2.3, 4.6, 9.3, 

and 18.7 µg/mL, respectively; B. Chemical structures of MWCNT 1–4 (10 or 40 nm); C. 

Pseudo Stern-Volmer plots of fluorescence quenching for proteins with f-MWCNTs 1–4.

(A–E) MWCNTs with a diameter of 10 nm; (F–J) MWCNTs with a diameter of 40 nm. 

Reprinted with permission from Q. X. Mu; W. Liu; Y. H. Xing; H. Y. Zhou; Z. W. Li; Y. 

Zhang; L. H. Ji; F. Wang; Z. K. Si; B. Zhang and B. Yan, Protein binding by functionalized 

multiwalled carbon nanotubes is governed by the surface chemistry of both parties and the 

nanotube diameter. Journal of Physical Chemistry C, 2008, 112, 3300–3307. Copyright 

2008, American Chemical Society.
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Fig. 4. 
A. Schematics of NP-α-bungarotoxin-Alexa488 system; B. Wide-field fluorescence 

microscopy images of individual NP-α-bungarotoxin-Alexa488 conjugates spincoated on a 

coverslip: (left) image of the NP emission at 617 nm; (right) image of the Alexa488 

emission centered at 519 nm. Scale bar =5µm; C. Time evolution of a single Alexa emission 

spot showing three (main figure) and one (inset) photobleaching steps. Blue lines help 

visualize the steps. Reprinted with permission from D. Casanova; D. Giaume; M. Moreau; J. 

L. Martin; T. Gacoin; J. P. Boilot and A. Alexandrou, Counting the number of proteins 
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coupled to single nanoparticles. Journal of the American Chemical Society, 2007, 129, 

12592-+. Copyright 2007, American Chemical Society.
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Fig. 5. 
CD spectra of BSA with MNPs titration. BSA was dissolved in dionized water at 20 µg/mL. 

MNPs stock solution was added to BSA solution to form final concentrations of 10 and 20 

µg/mL, respectively. A. CD spectra of BSA before and after MNPs A titration; B. BSA 

secondary structure calculation before and after 20 µg/mL MNPs addition using Yang 

formula. The nanoparticles A-D are 50nm, dextran-COOH, dextran-NH2, dextran-PEG-

COOH, dextran-PEG- NH2; E-F are the same order as A-D, but the size of 200nm. 

Reprinted with permission from Q. Mu; Z. Li; X. Li; S. R. Mishra; B. Zhang; Z. Si; L. 

Yang; W. Jiang and B. Yan, Characterization of Protein Clusters of Diverse Magnetic 

Nanoparticles and Their Dynamic Interactions with Human Cells. J. Phys. Chem. C, 2009, 

113, 5390–5395. Copyright 2009, American Chemical Society.
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Fig. 6. 
A. Molecular structure of the peptide Ac10L. B. FT-IR spectra (KBr) of Ac10L: free state 

(a); on 5, 10, and 20nm Au-NPCs (b, c, and d, respectively). The light blue and pink shades 

show regions where absorptions due to R- and â-sheet conformations occur, respectively. 

Reprinted with permission from H. S. Mandal and H. B. Kraatz, Effect of the surface 

curvature on the secondary structure of peptides adsorbed on nanoparticles. Journal of the 

American Chemical Society, 2007, 129, 6356. Copyright 2007, American Chemical Society.
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Fig. 7. 
Raman spectrum of Hb in absence (a) and presence (b) of CdS QDs; the inset is the 

molecular structure and labeling scheme of iron protoporphyrin. The concentration of Hb 

was 1.0 ×10−4 M, and the concentration of CdS QDs was 2.26×10−7 M. Reprinted from 

Journal of Colloid and Interface Science, 2007, 311, 400–406, X. C. Shen, X. Y. Liou, L. P. 

Ye, H. Liang and Z. Y. Wang, Spectroscopic studies on the interaction between human 

hemoglobin and US quantum dots, Copyright (2007), with permission from Elsevier.
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Fig. 8. 
A. Four derivatives of trimethylamine-functionalized surfactants; B. Monolayer composition 

of AuCOOH. Reprinted with permission from N. O. Fischer; A. Verma; C. M. Goodman; J. 

M. Simard and V. M. Rotello, Reversible “Irreversible” Inhibition of Chymotrypsin Using 

Nanoparticle Receptors. Journal of the American Chemical Society, 2003, 125, 13387–

13391. Copyright 2003, American Chemical Society.

Li et al. Page 25

Analyst. Author manuscript; available in PMC 2016 March 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 9. 
Illustration of SDS-PAGE gels and bands excised. Lanes: 1, 100-nm amine-modified; 2, 50-

nm amine-modified; 3, 100-nm plain; 4, 50-nm plain; 5, 100-nm carboxyl-modified; and 6, 

50-nm carboxyl-modified. The plasma concentrations for the different samples were: 1, 2.8; 

2, 0.56; 3, 0.28; 4, 0.56; 5, 0.56; and 6, 5.6 ml of plasma per m2 particle surface. Reprinted 

from Proceedings of the National Academy of Sciences of the United States of America, 

2008, 105, 14265–14270, M. Lundqvist; J. Stigler; G. Elia; I. Lynch; T. Cedervall and K. A. 

Dawson, Nanoparticle size and surface properties determine the protein corona with possible 

implications for biological impacts.
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Fig. 10. 
A.2-D PAGE pattern of human citrated plasma. B. 2-D PAGE pattern of proteins adsorbed 

to PLA NPs incubated in citrated plasma for 5 min. Reprinted from Journal of Biomedical 

Materials Research, 1997, 37, 229–234. E. Allemann; P. Gravel; J. C. Leroux; L. Balant and 

R. Gurny, Kinetics of blood component adsorption on poly(D,L-lactic acid) nanoparticles: 

Evidence of complement C3 component involvement. Copyright (1997), with permission 

from John Wiley and Sons.
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Fig. 11. 
SPR studies of plasma–NP interactions. A. Cartoon of a gold surface with thiol-tethered 

particles and associated protein over which buffer is flown. B and C. SPR data of plasma 

proteins injected at 60-fold dilution over 70-nm 85:15 NIPAM/BAM (blue) or 50:50 

NIPAM/BAM (red) for 30 min (B) followed by buffer flow for 24 h (C, first 6,000 s 

shown). The black lines are computer fits using Equation (8) and (9). Reprinted from 

Proceedings of the National Academy of Sciences of the United States of America, 2007, 

104, 2050–2055, T. Cedervall, I. Lynch, S. Lindman, T. Berggard, E. Thulin, H. Nilsson, K. 

A. Dawson and S. Linse. Understanding the nanoparticle-protein corona using methods to 

quantify exchange rates and affinities of proteins for nanoparticles.
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Table 2

Fluorescence Anisotropy of ChT

anisotropy (r)

sample −AuCOOHa +AuCOOHb

ChT 0.100 ± 0.006 0.036 ± 0.007

ChT-1 0.096 ± 0.003 0.065 ± 0.020

ChT-2 0.091 ± 0.003 0.078 ± 0.006

ChT-3 0.100 ± 0.004 0.076 ± 0.029

ChT-4 0.089 ± 0.009 0.030 ± 0.001

ChT(denatured) 0.059 ± 0.001

a
Samples of ChT alone.

b
Samples of ChT preincubated with AuCOOH. Structures of surfactants 1, 2, 3, 4 and AuCOOH are shown in Fig. 8. Reprinted with permission 

from N. O. Fischer; A. Verma; C. M. Goodman; J. M. Simard and V. M. Rotello, Reversible “Irreversible” Inhibition of Chymotrypsin Using 
Nanoparticle Receptors. Journal of the American Chemical Society, 2003, 125, 13387–13391. Copyright 2003, American Chemical Society.
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